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We report a class of polysaccharide-based hybrid nanogels that can integrate the functional building
blocks for optical pH-sensing, cancer cell imaging, and controlled drug release into a single nanoparticle
system, which can offer broad opportunities for combined diagnosis and therapy. The hybrid nanogels
were prepared by in-situ immobilization of CdSe quantum dots (QDs) in the interior of the pH and
temperature dual responsive hydroxypropylcellulose-poly(acrylic acid) (HPC-PAA) semi-interpenetrating
polymer networks. The–OH groups of the HPC chains are designed to sequester the precursor Cd2þ ions
into the nanogels as well as stabilize the in-situ formed CdSe QDs. The pH-sensitive PAA network chains
are designed to induce a pH-responsive volume phase transition of the hybrid nanogels. The developed
HPC-PAA-CdSe hybrid nanogels combine a strong trap emission at 741 nm for sensing physicochemical
environment in a pH dependent manner and a visible excitonic emission at 592 nm for mouse melanoma
B16F10 cell imaging. The hybrid nanogels also provide excellent stability as a drug carrier, which cannot
only provide a high drug loading capacity for a model anticancer drug temozolomide, but also offer
a pH-triggered sustained-release of the drug molecules in the gel network.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
The development of multifunctional nanomaterials combining
diagnostic and therapeutic purpose has recently attracted intensive
interests [1–6]. Semiconductor nanocrystals known as quantum
dots (QDs) are particularly appealing for bioimaging and labeling
probes due to their unique optical properties, including broad
absorption with narrow photoluminescence (PL) spectra, high
quantum yield, low photobleaching, and resistance to chemical
degradation [2–12]. Typically, QDs are conjugated with biological
and low-cytotoxic ligands, including antibodies, peptides, sugars,
folic acid, and biopolymers for labeling and imaging applications.
However, there are still formidable challenges to develop QD-based
materials for effective imaging and therapy [3,6]. The monolayer
capped QDs usually have low drug loading capacity and are lack of
sensitivity to control the drug release in response to local
environment change. To make QDs more useful for biomedical
applications, new strategies are needed to design and develop
multifunctional hybrid nanomaterials to combine QDs for imaging,
surface functional groups for conjugation with targeting ligands,: þ1 718 982 3910.
).
ll rights reserved.and a stimulus-responsive matrix for environmental sensing,
incorporation of drugs, and controllable drug release [3,6,13]. On
the other hand, pH-responsive microgels/nanogels offer unique
advantages for polymer-based drug delivery systems: a tunable size
from submicrons to tens of nanometers, large surface area for
bioconjugation, interior network structure for the incorporation of
therapeutics, low side effects of drugs, and controllable release at
specific pH environment [14–17]. Furthermore, the use of natural
polysaccharides in the preparation of microgels/nanogels can
provide additional advantages, including functionality, biocom-
patibility, abundance in nature, and nontoxicity [18,19].
Recently, different methods have been developed to immobilize
QDs into the thermosensitive poly(N-isopropylacrylamide) (PNI-
PAM) microgels, including hydrogen bonding between the capping
ligands of QDs and PNIPAM chains [20], precipitation polymeriza-
tion of NIPAM onto the colloidal silica-coated QDs [21,22], copoly-
merization of NIPAM with surface-engineered QDs [23], and in-situ
template synthesis of QDs in the interior of PNIPAM-based micro-
gels and glucose sensitive microgels [24,25]. The temperature and
glucose concentration tunable PL properties of QDs have been
observed in these hybrid microgels. For polysaccharide systems, the
pre-synthesized QDs with negative surface charges have been
incorporated into chitosan, amino modified cholesterol-bearing
pullulan, and dextran–polylysine complex nanospheres through
Fig. 2. The effects of the concentration of SDS and crosslinker MBAAm in synthetic
feeding conditions on the HPC-PAA nanogel particle size, in terms of hydrodynamic
diameter (Dh) measured at 37.2 C.
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gated onto the hyaluronic acid for bioimaging [29]. However, no
research efforts have been made to utilize the –OH groups of
polysaccharides to sequester the Cd2þ ions for in-situ immobiliza-
tion of QDs into pH-sensitive polysaccharide-based nanogels
although this in-situ template synthesis method is simple and
facile.
In this work, we aim to develop a class of multifunctional hybrid
nanogels through the in-situ immobilization of CdSe QDs in the
interior of the pH and temperature dual responsive hydroxy-
propylcellulose-poly(acrylic acid) (HPC-PAA) semi-interpenetrating
(semi-IPN) polymer networks, which should display the properties
from each components, as schematically depicted in Fig. 1. The fluo-
rescent CdSe QDs can act as an optical identification code for sensing
and imaging. The HPC chains can provide rich –OH groups for
sequestering Cd2þ ions into the gel network and stabilizing the in-situ
formed CdSe QDs embedded in the gel network. The presence of HPC
chains on the surface of QDs may also decrease phagocytosis of the
QDs by the non-parenchymal cells of the liver [30,31]. In addition, the
HPC-PAA-CdSe hybrid nanogels can serve as pH-regulated drug
delivery systems via its reversible swelling/shrinking transition
under the action of the pH-sensitive PAA chains. Furthermore, the
surface carboxyl groups of the hybrid nanogels can also be used for
further bioconjugation for potential targeting ability. Such stimulus-
responsive hybrid nanogels designed in this work should be able to
integrate optical pH-sensing, cell imaging, and drug delivery
functions into a single system and should possess the ability to switch
on and off certain functions when necessary, under the local
environmental stimuli of the target pathological zone such as cancer
and cystic fibrosis that are associated with disruptions in acid/base
homeostasis [32–35].
2. Materials and methods
2.1. Materials
All chemicals were purchased from Aldrich. Acrylic acid (AA) was purified by
distillation under reduced pressure to remove inhibitors. Hydroxypropyl cellulose
(HPC, Mw 100 000), selenium (Se), sodium sulfite (Na2SO3), cadmium perchlorate
hydrate (Cd(ClO4)2 H2O), temozolomide (TMZ), HCl volumetric standard (0.1 N
solution in water), N,N0-methylenebisacrylamide (MBAAm), ammonium persulfate
(APS), and sodium dodecyl sulfate (SDS) were used as received without further
purification. The water used in all experiments was of Millipore Milli-Q grade.
2.2. Synthesis of HPC-PAA-CdSe hybrid nanogels
2.2.1. Synthesis of HPC-PAA template nanogels
The HPC-PAA nanogels were prepared by polymerization of AA in HPC aqueous
solution in the presence of SDS at a concentration above its critical aggregation
concentration (CAC) of 2 mM. A mixture of HPC, AA, MBAAm, SDS, and water
(100 mL) at different ratios (Fig. 2) was poured into a 250 mL three-neck round-
bottom flask equipped with a stirrer, a N2 gas inlet, and a condenser. The solutionFig. 1. Schematic representation of the concept for designing HPC-PAA-CdSe hybrid
nanogels for multifunctional application in biomedicine.was stirred at room temperature until it became clear. The mixture was heated to
67 C under a N2 purge. After 30 min, 1 mL of 0.122 M APS was added to initiate the
polymerization. When the polymerization of AA reached a certain level, opalescent
suspension occurred, indicating the formation of HPC-PAA nanogels. The reaction
was allowed to proceed at room temperature for 1 h. The resultant nanogel was
purified by 3 days of dialysis (Spectra/Por molecularporous membrane tubing,
cutoff 12000–14000, the same below) against very frequently changed water at
room temperature (w22 C).
2.2.2. Synthesis of HPC-PAA-CdSe hybrid nanogels
100 mL purified HPC-PAA nanogels was stirred in an ice water bath for 30 min,
5 mL cd(ClO4)2 solution (5.8 wt%) was then added dropwisely. After a continuous
stirring in ice water bath for 1 day, excess Cd2þ ions were removed by centrifugation,
decantation, and 2 days dialysis against very frequently changed water. In the whole
process, the pH of solutions was maintained at w4.3. The nanogels loaded with Cd2þ
ions were poured into a 250 mL round-bottom flask. After 30 min stirring under N2
purge, 6.5 mL pre-synthesized Na2SeSO3 solution (0.335 M) was then dropwisely
added. The temperature was rapidly raised to 95 C and the color gradually turned to
bright yellow, orange, and finally red. The reaction mixture was continuously stirred
for 30 min until the color was stable. The resultant HPC-PAA-CdSe hybrid nanogels
were cooled down to room temperature under N2 atmosphere, and then purified by
centrifugation, decantation, and 3 days dialysis against very frequently changed
water, and finally stored at 3 C for further study.
2.3. Incorporation of hybrid nanogels into mouse melanoma cells B16F10
Round glass coverslips were placed in wells of a 24-well plate and treated with
0.1% poly-L-lysine in 100 mM phosphate buffered saline (PBS) for 40 min. Following
the treatment, the solution was aspirated and the wells were washed with PBS 3
times each. Next, B16F10 cells were plated on the glass coverslips at 80% confluence
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different hybrid nanogels (3.0 mg/mL) in serum-free DMEM were respectively added
to the marked wells. In a control well, 500 mL of serum-free DMEM was added. The
plate was incubated at 37 C for 2 h. The medium was then aspirated and fresh
serum-free DMEM was added to each well. Finally, the coverslips with cells were
removed from the wells and mounted onto slides for confocal microscopy study.
2.4. Drug loading and release
TMZ was loaded to the hybrid nanogels by complexation method. The pH value of
hybrid nanogel (5 mL) was adjusted to 2.0 by using 0.1 N HCl solution. This dispersion
was stirred in an ice water bath for 30 min, 500 mL of TMZ solution (1 mg/mL,
pH¼ 2.0) was then added dropwisely to the vial. The immediate cloudy revealed the
hydrogen bonding complexation of the amide groups in the TMZ molecules with the
–OH and protonated –COOH groups in hybrid nanogels. After stirring overnight,
the suspension was centrifuged at 5000 rpm for 30 min at 22 C. To remove free TMZ,
the precipitate was redispersed in 5 mL HCl solution of pH¼ 2.0, and further purified
by repeated centrifugation and washing. All the upper clear solutions were collected,
and the concentration of free TMZ was determined by UV–vis spectrometry at
328 nm. The amount of loaded TMZ in hybrid nanogels was calculated from the
decrease in TMZ concentration. The loading content is expressed as the mass of
loaded drug per unit weight of dried hybrid nanogels.
The in vitro release test of TMZ from the hybrid nanogels was evaluated by the
dialysis method. A dialysis bag filled with 5 mL purified TMZ-loaded hybrid nanogel
dispersion (pH¼ 2.0) was immersed in 50 mL 0.005 M buffer solutions of different
pH values, and the immersing temperature was kept at 37 C. The released TMZ
outside of the dialysis bag was sampled at defined time period and assayed by
UV–Vis absorption at 328 nm. Cumulative release is expressed as the total
percentage of drug released through the dialysis membrane over time.
2.5. In vitro cytotoxicity
B16F10 cells (2000 cell/well) were cultured in DMEM containing 10% FBS and 1%
penicillin-streptomycin in a 96-well plate, and exposed to free TMZ, empty HPC-
PAA-CdSe hybrid nanogels, and TMZ-loaded HPC-PAA-CdSe hybrid nanogels. To
cover the high concentration region, the nanogels were concentrated and adjusted
to an appropriate concentration in DMEM right before being fed into the wells. In
control wells, the cells were treated with H2O2 at a low (150 mM) and high (500 mM)
concentrations, respectively. The plate was incubated at 37 C for 2 h. The medium
was then aspirated and fresh serum-free DMEM was added to each well. After 12 h,
the medium was aspirated, and fresh serum-free DMEM contained 10 mM Hoechst
was added to each well. After incubation for 40 min, mortality studies using Hoechst
staining were performed by counting cells under a Nikon fluorescence microscope
fitted with a Spot digital camera.
2.6. Characterization
The FTIR spectra were recorded with a Nicolet Instrument Co. MAGNA-IR 750
Fourier transform infrared spectrometer. The nanogel dispersions were dried on
Spectra-Tech IR sampling cards with a PE substrate. The UV–vis absorption spectra
were obtained on a Thermo Electron Co. Helios b UV–vis Spectrometer. The PL
spectra of the hybrid nanogel dispersions at different pH values were respectively
obtained on a JOBIN YVON Co. FluoroMax3 Spectrofluorometer equipped with
a Hamamatsu R928P photomultiplier tube, calibrated photodiode for excitation
reference correction from 200 to 980 nm, and an integration time of 1 s. To confirm
all emissions, the PL spectra were also recorded on a VARIAN CARY Eclipse
Fluorescence spectrophotometer equipped with R928 photomultiplier tubes and
self-optimized light filters. The pH values were measured on a METTLER TOLEDO
SevenEasy pH meter. The transmission electron microscopy (TEM) images were
taken on a FEI TECNAI transmission electron microscope at an accelerating voltage of
120 kV. Approximately 10 mL of the diluted hybrid nanogel dispersion was air-dried
on a carbon-coated copper grid for the TEM measurements. The B16F10 cells
incorporated with hybrid nanogels were imaged using a confocal laser scanning
microscopy (LEICA TCS SP2 AOBS) equipped with an HC PL APO CS 20  0.7 DRY
len. A Argon laser (496 nm) was used as the light source.
Dynamic light scattering (DLS) was performed on a standard laser light scat-
tering spectrometer (BI-200SM) equipped with a BI-9000 AT digital time correlator
(Brookhaven Instruments, Inc.). A He–Ne laser (35 mW, 633 nm) was used as the
light source. All hybrid nanogel dispersions were passed through Millipore Millex-
HV filters with a pore size of 0.80 mm to remove dust before the DLS measurements.
In DLS, the Laplace inversion of each measured intensity–intensity time correlated
function can result in a characteristic line width distribution G(G) [36]. For a purely
diffusive relaxation, G is related to the translational diffusion coefficient D by
(G/q2)C/0,q/0¼D, where q¼ (4pn/l) sin(q/2) with n, l, and q being the solvent
refractive index, the wavelength of the incident light in vacuo, and the scattering
angle, respectively. G(G) can be further converted to a hydrodynamic radius (Rh)
distribution by using the Stokes–Einstein equation, Rh¼ (kBT/6ph)D1, where T, kB,
and h are the absolute temperature, the Boltzmann constant, and the solvent
viscosity, respectively.3. Results and discussion
3.1. Synthesis and structure of HPC-PAA-CdSe hybrid nanogels
The strategy to prepare the multifunctional HPC-PAA-CdSe
hybrid nanogels with embedded CdSe QDs involves the first
synthesis of HPC-PAA semi-IPN nanogels, followed by in-situ
synthesis of CdSe QDs inside the nanogels. The HPC-PAA semi-IPN
nanogels were prepared by direct polymerization of AA monomers
in HPC aqueous solution in the presence of SDS at a concentration
above its CAC (w2 mM in HPC/SDS/water system [37]) and MBAAm
at 67 C. At pH < pKa (¼4.7) of PAA, HPC can complex with AA
through the hydrogen bonding between the –OH groups of HPC and
the–COOH groups of AA [38,39]. HPC has a lower critical solution
temperature around 41 C in water [40]. The HPC chains are
hydrophobic at 67 C and can precipitate into the hydrophobic SDS
micellar core. The polymerization and crosslinking of the AA
monomers that are complexed with HPC chains can result in
narrowly distributed gel particles with a chemically crosslinked
PAA network semi-interpenetrated by HPC chains. The size of the
HPC-PAA gel particles is tunable. The increase in the concentration
of SDS or crosslinker can significantly reduce the size of gel particles
(Fig. 2).
It should be noted that the size of colloidal drug carriers is very
important to their fate in blood circulation and their biodistribution
since the recognition by the reticuloendothelial system (RES) is
known to be the principal reason for the removal of many colloidal
drug carriers from the blood compartment [30,31]. The sub-200 nm
size has an actual advantage to extend their blood circulation time
[41–43]. Herein, we selected two HPC-PAA nanogels with hydro-
dynamic radius (Rh) well below 100 nm under the physiological
condition to serve as the template for in-situ immobilization of
CdSe QDs. Both carboxylate groups and hydroxyl groups are able to
link QDs [2,3,23,24]. Our motivation is to use the –OH groups of
HPC chains to bind the Cd2þ ions into the nanogels and to protect
the resultant CdSe QDs from agglomeration or release. After loading
the Cd2þ ions into the nanogels at a low temperature (e.g., ice
water) corresponding to the partially swollen state of gel network,
the excess Cd(ClO4)2 in external solution was removed by centri-
fugation, decantation, and dialysis against a dilute HCl solution. The
whole uptake process was carried out at pH w4.3 (<pKa of PAA).
This procedure is designed not only to insure that CdSe QDs can
only be formed inside the nanogels, but also to insure that most of
Cd2þ ions are loaded into the nanogels through the coordination
with the–OH groups of HPC chains because the PAA chains have
little ionized–COO groups for uptake of Cd2þ ions at pH < pKa. In
such a design, the –COOH groups in PAA chains are mainly used to
induce a pH-sensitive volume phase transition of the nanogels after
the immobilization of CdSe QDs stabilized by the –OH groups of
HPC chains. The incorporation of the CdSe QDs into the nanogels
almost has no effect on the characteristic absorption peaks of
–COOH groups in FTIR spectra (Fig. 3). The resultant hybrid nano-
gels made from the template nanogels of HPC/AA/MBAAm (Wt.
Ratio)¼ 40:10:10 and 40:15:20 are coded as HNG-1 and HNG-2,
respectively.
TEM images (Fig. 4) of the dried hybrid nanogels (pH w4.3)
indicate that the CdSe QDs are randomly distributed in the interior
of whole template nanogel particles. Since TEM image is a 2D
projection of a 3D distribution of QDs inside the spherical nanogels,
it is difficult to judge on the degree of aggregation of the QDs. Some
aggregation may however happen during the synthesis process and
cannot be excluded. As the size of semiconductor nanocrystals is
directly related to the excitonic peak in the UV–Vis absorption
spectrum, the size of the present CdSe QDs can be estimated by
empirical mathematical functions reported by Peng’s group [44].
Fig. 3. FTIR spectra of (a) the HPC-PAA template nanogels synthesized with HPC/AA/
MBAAm/SDS¼ 40:10:10:15, and (b) the corresponding HPC-PAA-CdSe hybrid
nanogels.
Fig. 5. UV–vis absorption spectra of the HNG-1 (a) and HNG-2 (b) hybrid nanogels. The
photograph presents the color for the corresponding hybrid nanogels. The photograph
of the HPC-PAA template nanogels (a light blue color) without QDs immobilized inside
is also presented for comparison.
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assigned to the 1s–1s electronic transitions, from which the average
particle size was calculated to be about 3.2 nm. The appearance of
an abrupt absorption onset around 620–630 nm was also a clear
evidence of CdSe particle formation. The values of the band gap, as
revealed by the energy of the onset, are blue shifted in comparison
to the bulk CdSe semiconductor band gap (716 nm) [44]. Thus the
CdSe particles can exhibit extremely strong quantum confinement
in the hybrid nanogels.
3.2. pH-induced volume phase transition
AA is a pH-responsive moiety and the pH value of dispersion
medium can significantly influence the size of the hybrid nanogels.
Fig. 6 shows the pH-induced swelling curves of the HPC-PAA
template nanogels and their hybrid nanogels, in terms of the Rh
change measured at T¼ 37.2 C. The pH of nanogel dispersions was
adjusted by using dilute HCl or NaOH aqueous solutions. A well-
defined volume transition is observed for all the studied nanogels.
At pH < pKa of PAA, the size of nanogels remains nearly a constant
due to the strong hydrogen bonding between the protonated PAA
chains and HPC chains. When pH is above the pKa, the –COOH
groups of PAA chains gradually dissociate, which cannot only
weaken the hydrogen bonding between the HPC and PAA chains,Fig. 4. TEM images of (a) the HNG-1 and (b) HNG-2 hybribut also induce the Coulombic repulsion among the ionized –COO
groups, resulting in the gradual increase in the size of nanogels
until all –COOH groups dissociate at pH> 6.5, where the nanogels
reaches a maximum swelling.
The incorporation of CdSe QDs into the HPC-PAA nanogels has
no effect on the critical volume phase transition pH, but reduces the
size and maximum swelling degree of the nanogels, which could be
associated with an increase in the crosslinking degree of the gel
network due to the linkages of the immobilized CdSe QDs with the
-OH groups of HPC chains. The less crosslinked HNG-1 shows larger
maximum swelling degree than the more densely crosslinked
HNG-2. A similar size decrease was also observed when the CdTe
nanocrystals were incorporated into the PNIPAM microgels [20]. It
should be mentioned that both HNG-1 and HNG-2 are very stable.
No sediment was observed after 3 months’ storage at 3 C. The CdSe
QDs were not released from the nanogels even at the most swollen
state (dialysis at pH z 8 for 10 h) due to the strong binding of CdSe
QDs with the –OH groups of HPC chains and the ionized –COO
groups of PAA chains.3.3. pH-sensitive PL property of HPC-PAA-CdSe hybrid nanogels
Fig. 7 shows the PL spectra of the HNG-1 and HNG-2 dispersions
obtained at pH¼ 4.5 and room temperature. Two groups of PLd nanogels dried from the acidic medium (pH w4.3).
Fig. 6. pH-induced swelling curves in terms of the increase in Rh of the HPC-PAA
template nanogels prepared with HPC/AA/MBAAm/SDS ¼ 40:10:10:15 (,) and
40:15:20:10 (B), respectively, and their corresponding hybrid nanogels of HNG-1 (-)
and HNG-2 (C), measured at 37.2 C and a scattering angle q¼ 45 .
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and the near-IR wavelength range centered at about 741 nm were
respectively observed. The emission (595 nm) near absorption edge
is related to the excitonic recombination (i.e. charge-carrier
recombination) at the band edge, which is very close to the theo-
retical exciton energy modeled from the isolated CdSe nanocrystals
of 3.2–3.5 nm within the framework of the pseudopotential
method [45]. The ‘‘weak’’ intensity is due to the low concentrationFig. 7. (a) The typical PL spectra of the HNG-1 and HNG-2 hybrid nanogel dispersions at pH
PAA template nanogels was also presented for comparison (dot line). (b,c) The pH-induced e
(d) The relative PL quenching degree at 741 nm of the HNG-1 (-) and HNG-2 (C) hybridof the samples used for PL testing. According to the emission of the
QDs at 595 nm and room temperature, the PL quantum yield was
determined to be 17.6% and 13.3% for HNG-1 and HNG-2, respec-
tively. These quantum yields are appreciably higher than the w9%
normally found in such QDs [46,47], but far below the w40%
reported by Peng’s group [48], which is possibly associated with the
different synthetic methods and the effect of the coating media on
the optical electric field at the surface of CdSe QDs. The low energy
PL centre at 741 nm is likely to be associated with emissive surface-
trap states, and predominantly due to the surface-localized defects
of the crystals, such as vacancies or site-substitution. The strong
trap emission has also been observed on citrate-stabilized CdSe
nanocrystals [45,47]. The combination of the visible excitonic
emission and the strong trap emission of the CdSe QDs immobilized
in the nanogels is essential for simultaneous optical imaging and
sensing of the physicochemical environment of QDs.
Fig. 7b–c shows the pH-induced evolution of the PL emissions at
741 nm for HNG-1 and HNG-2, respectively. It is clear that the
intensity of the trap emission is very sensitive to the pH of the
dispersion medium of nanogels. To correlate the pH-induced
volume phase transition and PL quenching of the hybrid nanogels,
we plotted the relative PL intensity as a function of pH (Fig. 7d). The
comparison of Fig. 6 with Fig. 7d indicates that the PL quenching of
the QDs is conspicuously enhanced as the nanogels begin to swell at
pH > pKa of PAA, and then reaches nearly a constant when the
nanogels reach a maximum swelling. These results imply that the
pH sensitivity of the PL quenching of QDs can be tuned through
the swelling degree of the hybrid nanogels. The less crosslinked
HNG-1 with a larger swelling degree demonstrated a more
pH-sensitive PL quenching than the HNG-2 as pH was increased
from 3.0 to 9.0. One possible application of this pH-sensitive optical¼ 4.5 obtained with the excitation wavelength at 520 nm. The PL spectrum of the HPC-
volution of the normalized PL spectra of the HNG-1 (b) and HNG-2 (c) hybrid nanogels.
nanogels as a function of the pH of their dispersion medium.
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lysosomes [49]. The PL spectra of the hybrid nanogels were
reproducible after three cycles of dialysis and pH adjustment,
indicating a reversible pH-sensitive PL quenching. Since the PL
quenching of the QDs are caused from the pH-induced volume
phase transitions of the template nanogels, the kinetics of the
pH-induced PL quenching will depend on how fast the swelling/
shrinking of the nanogels is in response to a pH change. It is well
known that the rate of the stimuli-induced volume change of
a hydrogel particle is scaled as l2, where l is the relevant length
scale of gel particle [50]. Thus, small gel particles should be able to
undergo a very fast phase transition. Indeed, nanosecond to
microsecond (w100 ns) volume phase transitions have been
determined for individual PNIPAM nanogel particles in the size
range of w200–350 nm [51,52]. We expect that the kinetics of the
pH-induced volume change and PL quenching of our sub-200 nm
HNG-1 and HNG-2 hybrid nanogels should be in the w100 ns scale
or even faster.
Two factors should be considered to explain how the pH-
induced swelling of the nanogels could trigger the PL quenching of
the immobilized CdSe QDs. One is related to the change of the
bonding interaction at the surface of CdSe QDs. While the CdSe QDs
in the hybrid nanogels bonded with the –OH groups of HPC chains,
they are also exposed to the carboxyl groups of PAA chains. The
increase in pH increases the number of dissociated –COO groups,
which cannot only induce the swelling of the gel network that
changes the local dielectric environment surrounding the CdSe
QDs, but also form coordinate bonds with the CdSe QDs. This may
cause a change of the local optical electric field at the CdSe QD
surface, resulting in the PL quenching [53–55]. On the other hand,
the increase in the interfacial emission quenching centers can
provide the second and essential scenario for the pH-induced PL
quenching of CdSe QDs. At pH > pKa, the ionized polymer chains
tend to expand. However, the cross-linkage of polymer chains
hinders the volume expansion at a high swelling state, creating
elastic tensions localized at the crosslinking points. Because of the
bonding between the polymers and CdSe QDs, the CdSe QDs also
act as crosslinking points, introducing an elastic tension in theFig. 8. Scanning confocal fluorescence images of the mouse melanoma B16F10 cells aft
wavelength¼ 496 nm.bonds that stretch the polymer/CdSe interface and create interfacial
PL quenching states. This phenomenon is similar to the PL
quenching of QDs observed in frozen water [56], where the frozen
solvent induces strain in the capping shell that is further propa-
gated to the surface of the QDs, creating interfacial quenching
states.
3.4. Tumour cell imaging
While the trap emission of CdSe QDs immobilized in the hybrid
nanogels exhibits fine tunable characteristic in response to external
pH change, the visible excitonic emission (592 nm), which is less
accessible to physicochemical environment, offers the possibility
for optical imaging. Laser confocal microscopy was used to evaluate
the hybrid nanogels as a fluorescence-labeling agent in tumor cell
imaging application. Confocal micrographs reveal that both the
HNG-1 and HNG-2 hybrid nanogels were successfully endocytosed
into the mouse melanoma B16F10 cells (Fig. 8 and Supplementary
Fig. S1). Irradiated by the laser of 496 nm, the QDs immobilized in
the hybrid nanogels produced a bright red color, which retained
nearly the same PL intensity even after 20 min irradiation. No
significant autofluorescence was observed under similar condi-
tions. It is thus obvious that these probes do not give dark regions in
the cells and the areas where the hybrid nanogels did not permeate
are clear.
3.5. Drug loading and release properties
In addition to the pH-sensing and cellular imaging functions, the
hybrid nanogels are also excellent drug carriers benefited from
their stable network structure under typical administration
conditions. A hydrophilic new anticancer drug [57–60], TMZ, was
selected as a model drug to demonstrate the pH-regulated drug
release. TMZ undergoes a chemical degradation at physiological pH
to form the cytotoxic triazene (MTIC), an active metabolite of
dacarbazine (DTIC), and may represent a more favorable prodrug
than DTIC. However, the degradation is negligible at pH 5 [57].
We loaded the well-dissolved TMZ into the hybrid nanogels ater incubated with the HNG-1 (a) and HNG-2 (b) hybrid nanogels. Excitation laser
W. Wu et al. / Biomaterials 31 (2010) 3023–3031 3029pH z 2. The –COOH groups in PAA network chains and the –OH
groups in HPC chains can form strong hydrogen bonds with the
amide groups in TMZ molecules to form intermolecular complexes,
resulting in a high drug loading efficiency. A drug loading capacity
of 55.4 wt% and 46.2 wt% was determined for HNG-1 and HNG-2,
respectively. The confocal images indicate that the drug-loaded
hybrid nanogels still show strong fluorescence. The loaded drug
molecules also have a negligible effect on the pH-sensitive PL
property of the embedded QDs (Supplementary Fig. S2). The
pH-sensitive PL spectra of the hybrid nanogels demonstrate a good
reproducibility in comparison with those obtained from the same
samples six months ago, which further confirm the good stability of
the hybrid nanogels.
The drug release from the hybrid nanogels was determined in
buffer solutions of different pH values at 37 C (Fig. 9). A blank
release experiment of free TMZ solution with an equivalent amount
of drug (46.4 mg/mL) to that trapped in the hybrid nanogels was also
performed at pH¼ 7.38. To avoid the evident degradation of TMZ
from the long time exposure in water, we only monitored the
releasing profiles for 150 min at pH¼ 7.38, and for 600 min at
pH¼ 2.92 and 5.03, respectively. The much slower drug releaseFig. 9. Release profiles of TMZ from the hybrid nanogels of HNG-1 (a) and HNG-2 (b) in
PBS solutions of different pH values at 37 C. In the blank release experiment (>), 5 mL
of 46.4 mg/mL free TMZ solution was released to the same amount of PBS buffer at pH
7.38. The fitting lines are based on the Empirical Peppas’s model with n being the
release exponent related to the intimate mechanism of release.from the hybrid nanogels than from the free drug solution indicates
a controlled release of the TMZ molecules from the hybrid nano-
gels. Firstly, the pH of the releasing medium can trigger the drug
release. The increase in pH induces a gradual dissociation of the
–COOH groups to form–COO groups (Fig. 5), which will not only
break the PAA-TMZ hydrogen bond complexes and enhance the
mobility of TMZ molecules, but also increases the swelling degree
(or mesh size) of the nanogels so that the guest TMZ molecules can
diffuse out more easily from the nanogels. Secondly, the increase in
the crosslinking degree of the hybrid nanogels can also slow down
the drug release due to the smaller mesh size of the nanogels.
Nevertheless, the pH-responsive hybrid nanogels developed in this
work, being able to switch on and off their functions when
necessary under the local stimuli of the target pathological zone
such as cancer and cystic fibrosis that are associated with disrup-
tions in acid/base homeostasis [32–35], could be extremely
important in the treatment of diseases.
To further understand the release mechanism, the results were
analyzed on the basis of the Empirical Peppas’s model [61]:
Mt=MN ¼ ktn
where Mt and MN are the absolute cumulative amount of drug
released to time t and infinite time, respectively; k is a structural/
geometric constant, and n is a release exponent related to the
intimate mechanism of release. The power law can be applied to
most release systems controlled by diffusion and some other
physical phenomenon. The advantage of this approach is that it
yields a convenient measure of the constancy of release rate in the
value of n. It also provides a quick way to check the quality of data,
as values of n< 0.43 or n> 0.85 for spheres or sphere-like device
indicate that another process in addition to diffusion occurs.
The n values presented in Fig. 9 are obtained from the best
fitting of our experimental curves. While the n¼ 0.54 for free TMZ
solution indicates a diffusion controlled transportation, the low n
values for all the hybrid nanogel samples exclude the simple
diffusion controlled delivery mechanism. For both HNG-1 and
HNG-2 hybrid nanogels, the investigated pH variables did not alter
the drug release mechanism, whilst the lower exponent n was
found at the lower pH. These results confirm that the release of TMZ
molecules trapped in the hybrid nanogels obeys to two correlated
processes within the delivery matrix. One is a chemically controlled
event related to the breakage of coordinate hydrogen bonds
between the drug and the polymer chains. Another is a diffusion
controlled step.3.6. In vitro cytotoxicity
For future biological applications, especially clinical applica-
tions, materials must be non- or low-cytotoxic. As shown in Fig. 8,
no signs of morphological damage to the cells were observed upon
the treatment with hybrid nanogels, demonstrating the minimal
cytotoxicity of the hybrid nanogels due to the effective protection of
the CdSe QDs with the polymeric chain networks. To further eval-
uate the cytotoxicity of the empty hybrid nanogels and to verify
whether the released TMZ was still pharmacologically active, in
vitro cytotoxicity tests were elaborately conducted against B16F10
cells. In order to compare the cytotoxicity of the empty hybrid
nanogels with that of the drug-loaded ones, the studied concen-
trations were set on the base of the potential drug loading capacity
of the nanogels. The potential cytotoxicity of the free TMZ solutions
with the corresponding concentrations was also addressed. Fig. 10
shows that the empty hybrid nanogels were low-cytotoxic to
B16F10 cells in concentrations of up to 90.2 mg/mL and 108.2 mg/mL
for HNG-1 and HNG-2, respectively. In contrast, the cell viability
Fig. 10. (a) In vitro cytotoxicity of empty HNG-1 (-) and HNG-2 (C) hybrid nanogels,
and TMZ-loaded HNG-1 (,) and HNG-2 (B) hybrid nanogels against B16F10 cells,
respectively. (b) The control experiment (:) on the free TMZ solution was presented
for comparison. The concentrations of TMZ solution used for the control study are
equal to those of TMZ-loaded in the interior of the hybrid nanogels correspondingly.
W. Wu et al. / Biomaterials 31 (2010) 3023–30313030drastically decreased when the cells were incubated with TMZ-
loaded hybrid nanogels even at a concentration as low as 9.0 mg/mL
and 10.8 mg/mL for TMZ-loaded HNG-1 and HNG-2, respectively
(equivalent to about 25.8 mmol/L free TMZ in both systems). These
results indicate that the TMZ-loaded hybrid nanogels provide high
anticancer activity. The cytotoxicity of TMZ-loaded hybrid nanogels
is slightly lower than that of free TMZ at all the studied concen-
trations. This can be attributed to the sustained-release property of
the TMZ-loaded hybrid nanogels. Considering that only about 76%
of the loaded TMZ was released in 2 h under physiological pH
(Fig. 9), the slightly lower cytotoxicity of the TMZ-loaded hybrid
nanogels than the free TMZ solutions is understandable.
4. Conclusion
We have developed a class of multifunctional hybrid nano-
materials (Rh< 100 nm) through the in-situ immobilization of CdSe
QDs (w3.2 nm) into the HPC-PAA semi-IPN nanogels for integration
of pH-sensing, tumor cellular imaging, and pH-regulated drug
delivery. While the HPC chains can stabilize the CdSe QDs, the
pH-sensitive PAA network chains can control the swelling degree of
the nanogels, which can modify the surface physicochemicalproperties of CdSe QDs for optical pH-sensing. The useful optical
feature of the HPC-PAA-CdSe hybrid nanogels is that they emit at
two different fluorescence wavelengths, combining a pH-sensitive
NIR emission (741 nm) and a less sensitive visible emission
(592 nm), which is beneficial for sensor and bioimaging applica-
tions. The hybrid nanogels can overcome cellular barriers to enter
the intracellular region and light up the mouse melanoma B16F10
cells. The hybrid nanogels can also provide excellent stability as
a drug carrier, which cannot only provide a high drug loading
capacity of the model anticancer drug TMZ, but also offer
pH-regulated drug delivery possibilities. The drug release kinetics
studies demonstrate that the multifunctional nanogels show drug
sustained properties and the release could be triggered by the
pH-responsive volume phase transition of the gel. In vitro
cytotoxicity tests indicate that the empty hybrid nanogels have very
low cytotoxicity, while the TMZ-loaded hybrid nanogels have high
anticancer activity. These characteristics are important in both
fundamental research and practical applications. Stimulus-
responsive hybrid nanogels, designed by integration of functional
building blocks for sensing, imaging, and controlled drug delivery,
offer broad opportunities for combined diagnosis and therapy.
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